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ABSTRACT

Development of the Induced Gonadotropin Surge Mechanism in the
Prepubertal Heifer

Timothy D. Maze

A longtitudinal study was performed in prepubertal heifer calves to
determine when the individual components of the hypothalamic-pituitary-ovarian
axis were capable of functioning. In study 1, the hypothalamus and anterior
pituitary of prepubertal dairy heifers were challenged with exogenous hormones
(estradiol and GnRH, respectively) to determine at what age gonadotropin surges
could be induced. Two-, four-, six-, and eight-month-old heifer calves were
challenged with GnRH or estradiol. Blood was sampled from the jugular vein
every 15 minutes for 6 hours or hourly for 30 hours, for the two treatments,
respectively. Heifers in each age group released LH in response to each
treatment. The LH response to GnRH increased with age (p < 0.05), whereas
time to onset of the estrogen-induced surge was delayed in younger heifers (p <
0.05). A synchronous release of FSH was not associated with the release of LH
with either treatment. In study 2, the ability of the hypothalamus to respond was
examined more closely in prepubertal beef heifer calves. In this study, whether
short-term separation of the calf and dam differentially affected the response to
an exogenous estradiol challenge also was examined. Two-, three-, four-, and
five-month-old heifer calves were challenged with estradiol and blood was
sampled every 2 hours for 30 hours. Estradiol induced gonadotropin surges at
all ages regardless of the separation of the calf from the dam or continuous
association. The mean amounts of LH and FSH released in response to
estrogen decreased with age (p < 0.05). Short-term weaning decreased mean
LH, but did not affect FSH release. Time to onset of the LH surge was delayed in
3- and 4-month-old calves compared to 5-month-old calves (p < 0.05), but 2month-old calves did not differ from any other age group. The hypothalamic and
pituitary components of the reproductive axis can be induced to elicit an LH
surge very early in development. However, the immature female does not begin
spontaneous estrous cycles until much later in development. One difference that
has been shown in these studies is the lack of responsiveness of FSH to
estradiol stimulation in dairy heifer calves.
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REVIEW OF LITERATURE
Introduction
Beginning in the 1930’s, the components of the reproductive axis were
being defined as well as their interactions. Since then, research has
characterized hormonal changes that occur during specific physiological
conditions such as, the transition through puberty, the reproductive cycle,
anestrus, and aging. In most cases, focus of the studies has been either to
characterize the normal hormone concentrations and patterns or to determine if a
hormonal change is associated with the different physiological conditions.
However, the data generated to study the ontogeny of the gonadotropin surge
are less complete. Furthermore, the majority of the studies that have examined
the gonadotropin surge were focused primarily on luteinizing hormone (LH) and
less attention was given to follicle-stimulating hormone (FSH).
In females, the culmination of puberty is the ability to ovulate mature gametes.
The production of a surge of gonadotropins is one component of ovulation; the other
being the ability of the follicle to rupture in response to the gonadotropin surge. In the
prepubertal animal, there is no spontaneous gonadotropin surge due to the lack of
positive stimulation by endogenous estrogen. Furthermore, it has been proposed that
there is a lack of hypothalamic responsiveness to estradiol feedback. Gonadotropin
surges have been induced in prepubertal animals with varying results in different
species at different ages. Therefore, it was of interest to see at what age a
gonadotropin surge could be induced by estrogen in the heifer to determine if the
sensitivity of the hypothalamus to estradiol changes during development. The focus of

1

this literature review will be to outline the major events that led to our current
understanding of the reproductive axis and then to focus more specifically on the
hypothalamic-pituitary axis of the heifer calf.

History of the Reproductive Axis/Cycles
The understanding of the reproductive axis, which today involves the structures
and hormones of the ovary, pituitary, and hypothalamus, went through an array of
different hypotheses before the current model was reached. Initially, it was thought that
the ovaries solely controlled reproduction in the female. Then, the concept of a
negative feedback system with the anterior pituitary was introduced. Finally, the
hypothalamus was integrated into the complex system of feedback loops.

The Gonads
The early study of the reproductive system has been reviewed in a number of
articles. The characterization of the reproductive system, as well as the endocrine
system, is summarized in Swazey and Reeds’ book, Today's Medicine, Tomorrow's
Science: Essays on Paths of Discovery in the Biomedical Sciences, published in 1978.
Briefly, in 1672, Regnier de Graaf first described mature follicles and the corpus luteum
of the ovary. Nearly one hundred years later, the well-known effects of castration on
men and animals led John Hunter (1771) to transplant testes of cockerals to the
abdominal region of gonadectomized cockerals and hens. In 1849, A.A. Berthold
conducted similar experiments with particular emphasis on the structural changes that
occurred in the transplanted testes as well as how the transplant affected other parts of
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the body. Castrating roosters led to a decrease in comb size. This effect could be
overcome, however, if the testes were transplanted back into another body region.
These experiments brought about the notion that the testis acted as an endocrine
tissue. An equally important consequence of these experiments was the development
of the concept of removing an organ and replacing it, as a means to study the endocrine
function. Using similar techniques in 1896, Emil Knauer, an Austrian gynecologist,
documented the endocrine effect of ovariectomy on the uterus, in women.

The Ovary
Reproduction in females is dependent upon the presence and function of the
ovaries. In 1910, Leo Loeb proposed that the ovary, independently, was responsible for
the regulation of reproduction. He observed that removal of the corpora lutea (CL)
advanced the time of ovulation in the guinea pig. The proposed model of the
reproductive system in the female was that the ovary controlled the regular reproductive
cycles and produced and released mature gametes. Following ovulation, CL formed
from the remaining follicular tissue and inhibited further ovulation, until CL regression
allowed the cycle to start over. In addition to controlling the ovarian cycle, earlier
observations indicated that the gonads controlled the development and maintenance of
the secondary sexual characteristics. In the 1920’s, Allen and Doisey (1923) and
Corner and Allen (1929) further advanced the endocrinology of the ovary by isolating
the ovarian hormones, estrogen and progesterone, respectively (Swazey & Reeds
1978).

3

The Pituitary
Beyond anatomical studies, little was known about the function of the pituitary
before the 20th century. Initially it was proposed, due to its anatomical location, that the
main function of the pituitary was to act as a storage compartment for mucus that
drained down from the brain. The experimental era in the pituitary gland began in 1886
when Sir Victor Horsely questioned what changes occurred following removal of the
pituitary (hypophysectomy). The results, however, were difficult to interpret due to the
crude surgical techniques that resulted in most of the experimental animals dying
shortly after surgery. The interpretation of these experiments was that the pituitary was
“absolutely essential for life” (Collip 1934). During the 1920’s, most physiologists
thought the role of the pituitary was to regulate growth and metabolism. P.E. Smith
(1927) developed a technique for hypophysectomy in the rat, which helped advance the
understanding of the pituitary. Prior to his technique of aspirating the pituitary with a
glass cannula that was inserted ventrally through the sphenoid bone, hypophysectomies
were crude and resulted in either partial hypophysectomy or damage of the adjacent
areas of the brain and circulatory system during the surgical procedure. Thus, results of
the hypophysectomy were criticized in that effects of the lack of pituitary function or the
surgical procedure could not be separated. Smith observed that, upon
hypophysectomy, the gonads decreased in size. However, injections of extracts from
rat pituitary could reverse completely the initial effects of the hypophysectomy (Smith
1927). Smith concluded that the ovaries do not act alone but require some input from a
“gonad-stimulating substance” released from the pituitary.
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Another significant contribution to the discovery of the importance of the pituitary
function in the reproductive axis was the discovery of “Hebin”. Wallen-Lawence and
Van Dyke (1931) isolated “Hebin” from the urine of pregnant women and found it to
have similar properties of the “gonad-stimulating substance” of the pituitary. Hebin,
known today as human chorionic gonadotropin (hCG), would prove to be an important
compound when used as a gonadotropin analog.
Carl Moore and Dorothy Price made two observations that ultimately led them to
propose a system of negative feedback: 1) estrogen given to an adult male rat resulted
in spermatogenic injury and prevented secretion of hormones from the testicle and 2)
the negative effect of estrogen on the male gonad was reversed after the rat received
injections of “Hebin” or fresh pituitary implants (Moore & Price 1932). The system of
negative feedback proposed was that the pituitary gonadotropins were essential to the
gonads to increase steroidogenesis and cause gametogenesis. The increase in steroid
production from the gonads then had a negative feedback on the release of the
gonadotropins to maintain homeostasis in the system. The role of the pituitary had
changed from the initial thought that its function was to collect mucus that drained from
the brain to being a “master gland” that controlled reproduction, growth, and metabolism
(Collip 1934). This theory would later prove to be incorrect, when it was rationalized
that this system would not lead to reproductive cycles, but to a constant level of
gonadotropins and ovarian steroids.
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Gonadotropin Secretion
In the early 1930’s, it was suggested that there were at least two gonadotropins
that could be extracted from the porcine pituitary gland. The first had gametogenic
(follicle-stimulating) properties and the other stimulated interstitial cells (Fevold et al.
1931). Ten years later, these two gonadotropins were chemically separated into
thylakentrin (FSH) and metakentrin (LH). The two gonadotropins appeared to have
separate actions on the ovary. Treatment of hypophysectomized rats with FSH alone
resulted in the formation of antral follicles but did not lead to estrogen production or
ovulation. Treatment with LH alone had no effect on follicular development or corpus
luteum formation but stimulated the interstitial cells of the ovary. Although neither FSH
nor LH alone was able to stimulate estrogen production or lead to the formation of
corpora lutea, the combination of FSH and LH treatment stimulated both (Greep et al.
1942).
After Roy Greep's descriptions of the biological effects of FSH and LH in
hypophysectomized rats, B. Falck published a study regarding the production of
estrogen by the ovary. He transplanted various ovarian tissues into the anterior eye
chamber of rats. Granulosa cells, theca cells, or interstitial cells were unable to produce
estrogen. However, when he placed granulosa cells with either theca cells or interstitial
cells of the ovary, estrogen production became evident (Falck 1959). These two studies
of Greep (1942) and Falck (1959) introduced the "two-cell, two-gonadotropin” theory of
regulation of ovarian follicular steroid-synthesis.
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The Hypothalamus
The central nervous system (CNS) modulates the reproductive system. The
CNS plays a critical role in reproduction in species that ovulate only in response to coital
stimulation. In addition, the CNS has the ability to disrupt reproductive function in
postpartum, during seasonal changes, and in extreme metabolic stress (Swazey &
Reeds 1978). These modulatory effects on the reproductive system were thought to act
through the anterior pituitary. However, opponents of the idea that the CNS had control
over pituitary function and ultimately reproduction argued that pituitaries can function
rather well when all of the neural connections were severed and when the pituitary was
transplanted to a different area of the body away from the CNS.
There were conflicting data regarding whether or not the CNS control of the
reproductive system was due to direct nervous supply. Indirect evidence for neural
control of the pituitary was derived from experiments that had shown external factors
(i.e. light, pheromones, and tactile stimulus), that are known to act upon the nervous
system, affected the ovaries (reviewed by Harris 1948). It seems unlikely that these
external factors would have a direct effect on the ovaries; however, it is well established
that the pituitary hormones do have a strong effect.
Direct evidence that the CNS has control over the pituitary comes from
experiments in which different areas of the CNS were either damaged or stimulated and
from pituitary transplant experiments. Damage to the hypothalamus had a variety of
effects including atrophy of the ovaries, a state of constant estrus, or a loss of sexual
behavior (Harris 1948). The true cause of these reproductive abnormalities was
debated. Some argued that atrophy of the gonads was due to the damaged blood flow
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at the site of the lesion rather than the removal of the neurosecretory signal. It was
confirmed later in both the cat (Laqueur et al. 1955) and the rat (Bogdanove et al. 1955)
that upon complete hypothalamic lesioning the gonads atrophied.
G. Popa and U. Fielding (1930) were the first to describe the portal stalk system
that linked the hypothalamus to the pituitary. They predicted the blood flow was from
the blood vessels that were distributed in the anterior pituitary up towards the
hypothalamus. This error was corrected later when G.B. Wislocki and L.S. King (1936)
found that blood actually flowed from the hypothalamus to the pituitary, by using various
dyes as tracers. The physical link between the hypothalamus and the pituitary, as
demonstrated by Popa and Fielding, combined with the proposed feedback system
between the gonads and the pituitary led several investigators to question whether the
CNS was more involved in reproduction than suggested by authors of the previous
dogma.
Pituitary stalk transections were used frequently, in the early 1930’s, to interrupt
both the neural and blood pathways from the hypothalamus to the anterior pituitary.
Pituitary stalk transection generally resulted in abnormal cycle length or atrophy of the
ovary. In 1938, Westman and Jacobsohn performed a stalk transection and inserted a
small silver plate at the site of the transection to prevent vascular regeneration. The
results showed consistent occurrence of ovarian atrophy and in no instances were there
estrous cycles (Harris 1948).
Further evidence that the CNS was involved in reproduction came when it was
shown that electrical stimulation to the brain of the male guinea pig caused ejaculation
(Battelli 1922 as cited in Marshall & Verney 1936). It was demonstrated that ejaculation
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also could be induced by electrical stimulation to the lumbar region of the spinal cord
(Gunn 1934). These data led F.H.A. Marshall and E.B. Verney to propose that electrical
stimulation of the female rabbit should lead to ovulation and pseudopregnancy. The
rabbit does not demonstrate ovulation unless copulation occurs and is hence termed a
reflex ovulator (Heape 1905). In addition to copulation, ovulation in the rabbit can be
induced with an artificial mechanical stimulus (Hammond 1925) and occurred
approximately 10 hours after stimulation (Walton & Hammond 1928). Electrical
stimulation of the brain caused six of seven rabbits to ovulate (Marshall & Verney 1936).
Marshall and Verney concluded that direct CNS stimulation in the rabbit acted upon an
intermediate process between the hypothalamus and the ovary that led to ovulation.
The intermediate process was presumed to be the “gonad-stimulating substance” from
the anterior lobe of the pituitary, as shown by Smith (1927).
Marshall and Verney’s experiments did not give any indication of the nature
(neural or humoral) of the signal between the hypothalamus and the pituitary. However,
using more specific electric stimulation in a variety of different locations within the CNS
and pituitary led to the conclusion that the neural stimulation that led to ovulation was
not due to direct neural control but was due to a hypothalamic-signaling molecule
(Markee et al. 1946). The nature of the hypothalamic-signaling molecule was
investigated by blocking adrenergic transmission. Using dibenamine, an adrenergic
blocking agent, ovulation could be prevented in the rabbit after coitus (Sawyer et al.
1947).
John Everett and Charles Sawyer applied the information about a humoral link
between the hypothalamus and the anterior pituitary from the rabbit, a reflex ovulator, to

9

the rat, a spontaneous ovulator. Dibenamine administered 8 hours before expected
ovulation or atropine administered 12 hours before expected ovulation could effectively
block ovulation (Everett et al. 1949). In the case of the reflex ovulator it was obvious
that the control of the ovulatory signal from the hypothalamus involved a reflex pathway.
In the rat, it was found that the ovulatory signal was under the control of the ovarian
hormone, estrogen (Everett 1947) and that the effect of estrogen could be blocked by
administration of dibenamine or atropine (Sawyer et al. 1949). These experiments
linked together the reproductive strategies of the spontaneous ovulator and the reflex
ovulator by defining a common pathway for hypothalamic control of ovulation and
advanced the concept that the signal from the hypothalamus to the anterior pituitary
was humoral in nature rather than a direct neural connection.
The nature of the humoral factor was examined by testing the ability of
hypothalamic extracts to increase the amount of LH secretion. Hypothalamic extracts
from the stalk-median eminence region, but not the cerebral cortex, were found to
increase LH release in the rat (McCann et al. 1960). This humoral factor, gonadotropinreleasing hormone, was later isolated and purified from hypothalamic extracts by Roger
Guillemin (Burgus et al. 1972) and Andrew Schally (Schally et al. 1972).
Further evidence of the CNS involvement in the reproductive axis came when it
was noted that morphological changes occur in the hypothalamus and pituitary as a
result of gonadectomy (Flerko 1964). These regions of the hypothalamus were termed
the “hypophyseotropic” region. Hypophysectomized rats with pituitaries grafted into the
hypophyseotropic region resumed normal estrous cycles, as indicated by vaginal
smears and the presence of CL, whereas, hypophysectomized rats with pituitary grafts
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in other regions failed to regain consistent reproductive cycles. Flerko concluded that:
1) the pituitary needs the tropic influence of the hypothalamus, 2) the tropic factor is
neurosecretory in nature rather than the result of direct innervation because pituitary
transplants did not prevent the resumption of reproductive cycles.
Furthermore, pituitaries from immature rats were grafted into mature animals to
determine if the immature pituitary was capable of functioning in an adult animal. The
grafted pituitaries showed rapid development and were able to cause follicular
development and ovulation, which strengthened the argument that the anterior pituitary
was under the influence of the hypothalamus (Harris & Jacobsohn 1951). From earlier
work that showed the effect of sex steroids on the hypothalamus, it was concluded that
the “release regulating” mechanism of the hypothalamus may be either inhibitory or
stimulatory to gonadotropin release and that it is under the influence of the actual
concentrations of sex steroids in the blood (Flerko 1964).

Tonic and Surge Center
In reflex ovulators there is a constant “tonic” release of gonadotropins that
maintain follicular development in the ovaries. However, coitus is necessary for
ovulation to occur. This implies that there are separate processes that control follicular
development and ovulation. The hypothalamus regulates gonadotropin secretion and
has two sites of regulation over ovarian function. The “tonic center” is responsible for
follicular development and is regulated negatively by estrogen. Tonic secretion is
characterized by pulsatile release of GnRH that results in concordant pulsatile release
of gonadotropin from the pituitary. In contrast, the “surge center” releases a surge of
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GnRH that induces the ovulatory LH surge. The surge center is positively influenced by
high concentrations of estrogen.
Results in experiments in which different regions of the hypothalamus were
lesioned confirmed that separate regions of the hypothalamus regulate tonic
gonadotropin secretion and the ovulatory surge of gonadotropins. Lesions to the
anterior hypothalamus in rats maintained follicular development but mature follicles
failed to ovulate in the guinea pig (Dey et al. 1939; Dey 1941; Dey 1943) and in the
rabbit (Sawyer 1959).
The specific anatomical locations of the tonic and surge centers in the rat were
discovered using a Halász knife, named after its creator Béla Halász. The Halász knife
enabled Halász and Gorski to uncouple specific neural connections in the
hypothalamus. Separating the frontal portion of the hypothalamus would block
ovulation, but follicular development was not affected (Halasz & Gorski 1967). These
small lesions effectively separated the tonic and surge modes of LH secretion,
therefore, in the rat, the tonic center is recognized as being located in the medial basal
hypothalamus, whereas the surge center is localized in the preoptic area.
The male contains a tonic gonadotropin center but lacks a surge center. When
male rats were castrated and received a transplanted ovary, the ovary was capable of
follicular development, but the follicles would not ovulate. To determine the nature of
this hypothalamic differentiation of the brain, neonatal females were given testosterone.
In these animals, like the male, follicular development would occur, but without ovulation
(Pfeiffer 1936). At the time of C.A. Pfeiffer’s experiment, the dominant theory of control
of the reproductive cycles was that the pituitary was the “master gland”. Therefore,
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Pfeiffer concluded not that there were different brain centers that controlled tonic and
surge secretion of gonadotropins, but that the male lacked adequate LH content in the
anterior pituitary. Charles Barraclough and Roger Gorski confirmed that the
hypothalamus, and not the anterior pituitary, was the site of control of gonadotropin
release when they observed that androgens masculinize the brain of the female
neonatal rat. By stimulating the anterior pituitary, it was observed that the effect of
neonatal androgen administration was not at the level of the anterior pituitary but
instead at the anterior preoptic area of the hypothalamus (Barraclough & Gorski 1961).

Prepubertal Gonadotropin Release in Cattle
The early studies of gonadotropins in cattle began by examining the pituitary
content, because the pituitary was known to have a higher concentration of LH and FSH
than that found in the plasma. The LH and FSH contents were determined in heifers at
monthly intervals from birth until puberty. The pituitary content of LH increased from 1
to 4 months of age and fluctuated considerably, thereafter. The pituitary content of FSH,
on the other hand, was highest at 1 month, declined by 2 months and remained
relatively constant from 2 months of age until the onset of puberty (Desjardins & Hafs
1968).
The development of the radio-immunoassay allowed accurate and sensitive
measurement of the concentration of pituitary and ovarian hormones. The tonic release
of gonadotropins from birth to puberty has been studied extensively in most species. In
cattle, tonic gonadotropin secretion has been characterized in both the bull (Rawlings et
al. 1978; Amann & Walker 1983; Deaver & Peters 1988) and heifer (Gonzalez-Padilla et
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al. 1975a; McLeod et al. 1984; Page et al. 1987; Dodson et al. 1988; Evans et al. 1994;
Nakada et al. 2000).
In infantile bull calves (< 6 weeks old), plasma concentrations of LH are low and
there are no episodic releases of LH (Rawlings et al. 1978; Rodriguez & Wise 1989).
The transition from an infantile to peripubertal state in bull calves is characterized by the
onset of episodic release of LH (Rawlings et al. 1978). The concentration of FSH, on
the other hand, is low until it begins to increase between week 4 and 32 (Amann &
Walker 1983). Pulses of GnRH are detected in all age groups of calves prior to the
observation of LH pulses and increase in pulse frequency with age (Rodriguez & Wise
1989).
To further examine the transition that took place during the time of increased LH
release, bull calves in the transition from infantile to juvenile (6-10 weeks) were
examined for changes in plasma and tissue hormone concentrations and receptor
content. The concentration of GnRH in the anterior hypothalamus, posterior
hypothalamus, or median eminence did not change at the time of increased secretion of
LH, but the concentration of GnRH receptors increased in the anterior pituitary by
314%, which was associated with a 67% increase in LH concentration. During this time,
estrogen receptor decreased in the hypothalamus but increased in the anterior pituitary
(Amann et al. 1986).
To determine if the increase in LH secretion was due to an increase in the
number of gonadotropes in the anterior pituitary, the gonadotrope content was
examined in 1, 12 and 42-week-old bull calves. The percentage, 8.4%, of gonadotropes
did not change with age, however the mass and cell number increased. As previously
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observed, the pituitary content of LH increased with age and was greatest at 12 weeks.
Thus, age-related differences in number and secretory activity of gonadotropes
contributed to age-related increases in concentrations of LH in plasma (McAndrews et
al. 1994).
Unlike release of LH and FSH in the bull calf, in which there is a linear increase
with age, tonic secretion of LH in the heifer calf is initially high and decreases for the
first 15 weeks. Thereafter, mean LH steadily increased until 39 weeks, which was
attributed to an increase in both LH pulse frequency and amplitude. Similarly, FSH
increased after 15 weeks, but no associated increase in pulse frequency or amplitude
was detectable (Dodson et al 1988). Investigators who conducted similar studies have
agreed with the initial decrease of gonadotropins until 15 weeks but failed to see an
increase in mean gonadotropin concentration, thereafter (Evans et al. 1994) or saw only
an increase in mean LH and not FSH (Nakada et al. 2000).
The period leading up to the first spontaneous LH surge in the heifer is
characterized by an increase in LH pulse frequency (McLeod et al. 1984; Page et al.
1987). In contrast, FSH concentrations in the prepubertal heifer, with the exception of
preovulatory surges, do not differ from the mature cow (Akbar et al. 1973; GonzalezPadilla et al. 1975a; Page et al. 1987). However, FSH in the rat decreases prior to
puberty (Ojeda et al. 1986). Furthermore, inducing a decline of FSH by administration
of a GnRH antagonist advances vaginal opening in the rat (van den Dungen et al.
1989). In the heifer, most studies have found that an abrupt change in secretion of
gonadotropins does not occur prior to the initiation of spontaneous estrous cycles
(Dodson et al. 1988). If gonadotropins play a role in the induction of spontaneous
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estrous cycles, the change must be very abrupt. Alternatively, FSH may have a more
prominent role than currently thought as demonstrated in the rat. Some of the
discrepancies and inconsistencies in the FSH data may be due to the complications in
the development of a reliable assay.

Follicular Development and Ovulation
At birth, the ovaries of heifer calves contain preovulatory-sized follicles
(Desjardins & Hafs 1969). Furthermore, daily transrectal ultrasonography in heifers
from 2 to 36 weeks old revealed, at all ages, follicular development occurred in a wavelike fashion, as in mature cattle. There is an increase in the number of dominant and
subordinate follicles from week 2 to week 8, but after 8 weeks follicular development
resembled the mature animal (Evans et al. 1994).
Despite adequate follicular development, LH surges induced artificially by a
single injection of estradiol did not lead to ovulation in the ewe lamb (Foster & Karsch
1975) or in the heifer calf (Schillo et al. 1983). Furthermore, ovulation was induced in
50% of 2-week to 2-month-old heifer calves by injecting a series of pituitary extracts that
contained predominantly follicle stimulating activity followed by an injection of luteinizing
extract (Black et al. 1953). In other experiments, ovulation has been induced in ewe
lambs by the pulsatile administration of GnRH (Squires et al. 1972; Mayer et al. 1978)
and LH (Keisler 1983) and ovulation has been induced in the heifer calf by the pulsatile
adminstration of LH (Tortonese 1992). Ovaries that were transplanted from prepubertal
rats into ovariectomized adult females restored cyclicity. However, when ovaries from
mature rats were transplanted into ovariectomized immature females the onset of
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puberty was not advanced (Lipshutz 1925). Despite follicular development and the
induction of an LH surge, ovulation is not necessarily attained. In the cases where
ovulation was induced, reproductive cycles did not persist after the treatment had
ended.

The Onset of Puberty
There is no abrupt change in the secretion of gonadotropins during the onset of
puberty, but rather a gradual increase starting at week 12 in the case of LH and no
change in the case of FSH (Dodson et al. 1988). This led to the hypothesis that the
onset of puberty may be related to the time that the gonadotropin surge mechanism
becomes functional. Spontaneous gonadotropin surges do not occur prior to puberty,
so attention has been focused on the increase of tonic gonadotropin release as the
trigger for the onset of puberty. Hohlweg and Dohrn first proposed the classic
“gonadostat” hypothesis in 1932, and Domingo Ramirez and Samuel McCann
popularized and validated this hypothesis in the rat (Ramirez & McCann 1963). The
“gonadostat” hypothesis is that a decrease in hypothalamic sensitivity to estradiol
negative feedback is necessary for onset of puberty. This decrease in negative
feedback sensitivity permits increases in gonadotropin release, which subsequently
result in ovarian follicular maturation and ultimately lead to a gonadotropin surge and
ovulation.
The “gonadostat” hypothesis was supported in cattle by the observation in
prepubertal (4, 8, or 12 months old) ovariectomized heifers that estradiol inhibits LH in a
dosage- and age-dependent manner. The magnitude and duration of the inhibition of
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LH was greater at higher dosages and the response lasted longer in 4-month-old heifers
than in 8- and 12-month-old heifers (Schillo et al. 1982). The “gonadostat” hypothesis
was confirmed further by observing the effect of estradiol on LH secretion in heifers
either at a prepuberal age or artificially held back from puberty onset by restriction of
dietary energy. In both examples, secretion of LH increased rapidly after ovariectomy,
but decreased with the addition of an estradiol implant. However inhibition of LH by
estradiol was overcome with age or after the dietary restriction was removed in a
manner that was synchronous with the onset of puberty in intact control heifers (Day et
al. 1984).

GnRH-Induced Gonadotropin Surges
Purified GnRH from hypothalamic extracts and synthetic GnRH have made it
possible to challenge the anterior pituitary to release gonadotropins under different
physiological conditions. Short-term administration of GnRH can induce the release of
LH, but not FSH in the prepubertal heifer, whereas, long-term administration of GnRH in
a pulsatile manner can induce surges of both gonadotropins. In some of the earliest
studies, mature yearling heifers and bulls responded in a dosage dependent manner to
5, 20, or 80 µg of GnRH, administered in a single injection via a jugular cannula
(Zolman et al. 1973).
Bull calves (2-, 4-, and 6-months-old) given three different dosages (200, 400 or
800 µg) of GnRH (i.m.) responded by releasing LH. The duration and magnitude of the
LH release was similar at all ages and dosages. However, the duration of the LH
response was prolonged with the highest dosage 800 µg (Mongkonpunya et al. 1975).
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Similar results were observed when 4-week-old heifer calves were challenged with 40
µg of synthetic GnRH. LH increased within 10 minutes, reached a peaked value by 40
minutes (10.1 ± 1 ng/mL), and began to decline at 50 minutes (Williams et al, 1975).
Giving repeated injections of GnRH (2 µg at 2-hour intervals) for 72 hours to 5month-old heifers led to distinct episodes of LH release but not FSH release. In
addition, mean concentrations of LH were increased during the 72 hour treatment,
whereas mean FSH did not change. Between 17 and 59 hours, 9 of the 12 heifers had
preovulatory LH surges, with a coincident FSH surge in 8 of these animals. In three
animals, concentrations of progesterone rose above 1 ng/mL 4 to 5 days after the
preovulatory surge but returned to basal values 1 or 2 days later (McLeod et al. 1985).

Estrogen-Induced Gonadotropin Surges
The development of the gonadotropin surge mechanism in sheep was examined
by giving silastic implants of estradiol for 96 hours to ewe lambs of various ages (3, 7,
12, 20, or 27 weeks old). Estradiol did not cause an LH surge in 3-week-old lambs, but
did elicit LH surges in lambs of all other ages. Furthermore, the LH surges
progressively increased in magnitude, as lambs became older (Foster & Karsch 1975).
A longtitudinal study during development has not been conducted in cattle,
however, heifer calves of various ages have been challenged with estradiol to
determine if gonadotropin surges could be induced. Heifer calves, 4- to 8-weeks-old,
were injected intramuscularly with 200 or 1000 µg of estradiol and blood samples were
taken from 0 through 22 hours post injection. All calves injected with 200 µg of estradiol
had an LH surge and four of the five calves injected with 1000 µg of estradiol had an LH
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surge. The amplitude of the LH response did not differ between dosages, however, the
larger dose induced an earlier and longer lasting LH surge (Williams et al. 1975).
The effect of estradiol has also been studied in beef heifer calves between 3 and
6 months of age in a number of experiments. Administration of 500 µg of estradiol in 5month-old heifers elicited an LH surge in 4 of 6 animals, but had no effect in 3-monthold heifers (Staigmiller et al. 1979). In agreement with those data, 1 of 5 heifer calves
between 3 and 4 months old responded to a challenge of 500 µg estradiol, whereas 3 of
3 heifer calves between 5 and 6 months of age and 5 of 5 mature heifers responded
with an LH surge (Schillo et al. 1983). Likewise, 6-month-old heifers all responded to
estradiol with an LH surge (Schoppee et al. 1995).
In older calves, more attention has been given to the characteristics of the LH
surge rather than the presence or absence of the surge. An LH surge was elicited in
29-week-old Holstein heifers by a range of doses of estradiol (62.5 - 4000 µg), but not
all animals responded. The induced surge of LH was observed within 18 hours of
estradiol treatment. The only detectable difference between animals that responded
and those that did not was that the baseline of LH were higher (1.7 ± 0.2 ng/mL vs. 0.9
± 0.1 ng/mL) in animals that did not respond (Swanson & McCarthy 1978).
There are a limited number of studies in which the release of both gonadotropins
was examined. In Angus heifers 14 to 15 months in age, estradiol injections induced an
LH surge 12 to 18 hours after injection, but there was not an associated FSH surge.
Also, there was no evidence of the formation of CL or an associated transient rise in
progesterone that would indicate that the estradiol challenge induced ovulation
(Gonzalez-Padilla et al. 1975b).
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STATEMENT OF THE PROBLEM

Tonic secretion of gonadotropins in the calf has been well characterized from
birth until the attainment of puberty. However, the development of the surge
mechanism has not been studied as thoroughly. The ability of estradiol to induce LH
surges at various prepubertal ages has been demonstrated (Staigmiller et al. 1979;
Schillo et al. 1983; Williams et al. 1975), but it has not been examined in a longitudinal
manner to determine when the ability to induce gonadotropin surges develops.
Furthermore, very little attention has been given to the development of the ability for
estradiol to induce FSH surges. In a longitudinal study using prepubertal gilts, Fleming
& Dailey (1985) have shown that the LH and FSH surge mechanisms are dissociated
prior to puberty and do not become synchronous until just before the onset of puberty.
With these considerations in mind, it was of interest to conduct a longitudinal
study to examine the ontogeny of the gonadotropin surge mechanism. The difference
between responsiveness of the hypothalamus and pituitary would be challenged by a
single injection of estradiol or GnRH, respectively, to determine the functional
capabilities of these organs at different prepubertal ages. Particular attention will be
focused on the age at which synchronous gonadotropin surges can be induced, what
variations of the induced surges exist at different ages, and to what degree the induced
surges of LH and FSH are synchronous.
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STUDY 1
DEVELOPMENTAL CHANGES IN ESTRADIOL- AND GnRH-INDUCED
GONADOTROPIN SURGES IN PREPUBERAL DAIRY HEIFERS.

Abstract
The period before puberty is a time of reproductive quiescence, during which
function of the reproductive axis is incomplete due to presence of inhibitory systems
and/or lack of stimulatory signals. While in the quiescent state, basal gonadotropin
secretion is minimal and spontaneous surges of gonadotropins, required to induce
ovulation, do not occur. However, gonadotropin surges can be induced prior to puberty
by treatment with estradiol. The aim of this study was to characterize the effects of age
on the surge of luteinizing hormone (LH) induced in the developing dairy heifer with
either gonadotropin-releasing hormone (GnRH) or estradiol. Prepubertal dairy calves of
mixed breed (2 months of age n = 4; 4 months of age n = 4; 6 months of age n = 5; or 8
months of age n = 4) were challenged with estradiol benzoate (500 µg; i.m.) or
Fertagyl (a GnRH agonist; 100 µg; i.v.). Blood was collected every hour for 30 hours
after estradiol treatment or every 15 minutes for six hours after GnRH treatment.
Heifers in each age group responded with a release of LH to each treatment. The
increase in LH in response to GnRH agonist increased with age (2-month-old vs. 8month-old; p < 0.04). The time to onset of the increase in LH heifers in response to an
estrogen challenge was delayed in the 2-month-old heifers compared to the 4-, 6-, and
8-month-old (20.0 ± 1.7 hours vs. 12.0 ± 1.0, 13.8 ± 2.7, or 11.74 ± 1.3 hours,
respectively; p < 0.0001). Synchronous release of FSH was not induced with either
treatment at any time point. The time period between 2 months and 4 months may
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represent a transition period of the induced LH surge mechanism to a point which the
hypothalamus can be induced to function like the mature cow. However, the system
responsible for the induced FSH response is not functional at this time. The
dissociation between LH and FSH secretion may account for the inability of follicles in
prepubertal heifers to ovulate naturally.

Introduction
Puberty in the dairy calf generally is attained between 10 to 15 months of age.
Regulatory feedback loops among the hormones of the hypothalamus (GnRH), the
anterior pituitary (LH and FSH), and the ovaries (estrogen and progesterone) maintain
the estrous cycle in the mature animal. However, prior to puberty, inhibitory signals or
lack of stimulatory signals prevent reproductive cycles from occurring.
The tonic release of gonadotropins from birth to puberty has been extensively
studied in many species. Tonic gonadotropin secretion has been characterized in both
the bull calf (Rawlings et al. 1978; Amann & Walker 1983; Deaver & Peters 1988) and
the heifer (Gonzalez-Padilla et al. 1975; Dodson et al. 1988). The development of the
gonadotropin surge mechanism, however, has not been examined thoroughly.
Although GnRH (Zolman et al. 1973) and estrogen (Gonzalez-Padilla et al. 1975;
Swanson & McCarthy 1978; Staigmiller et al. 1979; Schillo et al. 1983) can induce
preovulatory-like LH surges at different ages, estrogen failed to induce LH release at 3
months of age in beef calves (Staigmiller et al. 1979). The development of that part of
the reproductive axis to a point at which GnRH and estradiol elicit a preovulatory-like
surge of LH is a key step in the attainment of reproductive competence.
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Materials and Methods
Animals
Seventeen prepubertal dairy heifers (2 months old, n=4; 4 months old, n=4; 6
months old, n=5; 8 months old, n=4) of either Holstein or Ayrshire breed were used
between March 20, 2000 and June 20, 2000. Animals were treated with the initial
treatment within a 3-day period of the indicated age (based on a 30-day month). During
the treatment and blood collection the animals were held in an indoor pen and were
allowed ad libitum access to food and water.

Treatments and blood sampling
Heifers were assigned at random to receive either a GnRH agonist or estradiol.
Seven days later the other treatment was administered. Twenty-four hours prior to
treatment, all calves were fitted with an indwelling jugular catheter. After each blood
sample was taken, the catheter was flushed with a minimum of 3 mL of heparinized
saline (250 iu/mL) to prevent clotting.
Treatment 1: GnRH Challenge
A GnRH agonist (Fertagyl, Intervet Inc., Millsboro,DE) was given through the jugular
catheter (100 µg) at time 0. Blood was sampled at 15-minute intervals for 6 hours.
Treatment 2: Estradiol Challenge
Estradiol benzoate (500 µg in 1 mL of corn oil) was given as a single intramuscular
injection. Blood was sampled from hour 0 (prior to estrogen challenge) to hour 30 on an
hourly basis.
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Hormone assays
Concentrations of LH were measured in duplicate in 50 or 200 µL of serum by
the radio-immunoassay (RIA) method described by Butcher et al. (1974) and validated
by Fogwell et al. (1977). The limit of detection, expressed as ng of NIDDK-oLH-I-4
(AFP-C5288113)/mL, was 0.2 ng/mL, with intra- and inter-assay coefficients of variation
of 5.38 and 8.59%, respectively. The LH anti-serum used was derived for oLH. The
crossreactivities of oFSH, oGH, and bTSH were 5.0%, 0.5%, and 0.1%, respectively.
Concentrations of FSH were measured in duplicate in 150 µL of serum by the RIA
method described by Garcia-Winder et al. (1986). The limit of detection, expressed as
ng of NIDDK-bFSH-1 (AFP-5332B)/mL was 0.1 ng/mL, with intra- and inter-assay
coefficients of variation of 10.13 and 25.31%, respectively. The crossreactivities of bLH
and bTSH were 0.02% and 0.07%, respectively. NIDDK’s National Hormone and
Pituitary Program and Dr. A.F. Parlow generously donated all FSH and LH anti-sera,
iodination grade antigens, and the antigen used to generate the standard curve.

Statistical analysis
Profiles of LH and FSH in serum were examined by analysis of variance using
the General Linear Model (GLM) procedure of the Statistical Analysis System (SAS
Institute 1985) for a completely randomized design. In treatment 1 (GnRH-challenged),
the variables analyzed included baseline concentrations of LH and FSH, mean
concentrations of LH and FSH, and the area under the curve for LH and FSH. To
determine the baseline, the mean value of LH and FSH from time 0 and the values of
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the samples taken in the fifth hour were used. The time of a surge of LH and FSH was
defined as the point at which the value was at least 3 standard deviations above the
baseline. The area under the induced curve was estimated by summing the values
during the defined gonadotropin surge. In treatment 2 (estradiol-challenged), the
variables analyzed included baseline concentrations of LH and FSH, mean
concentrations of LH and FSH, time of onset of the LH surge, and the area under the
induced LH curve. To determine the baseline, the mean values for LH and FSH from
hours 0 to 3 were used. Mean LH and FSH was determined by taking the average
gonadotropin concentration of each sample taken during the 30 hour sampling period.
Two criteria were used to define a surge: 1) a rise exceeding 3 standard deviations
above the baseline and 2) such a rise had to be maintained for a minimum of 4 hours.
The area under the induced LH curve was estimated by summing the values during the
defined LH surge.

Results
Treatment with GnRH induced a release of LH (Table 1 and Figure 1) and FSH
(Figure 2) in all heifers. The release of LH occurred within 15 minutes of GnRH
treatment, peaked between 30 and 45 minutes, and decreased thereafter. In some
cases, there was a secondary release of LH that had a peak value equal to or greater
than that of the first. The secondary release of LH generally peaked 2 hours after
GnRH administration and declined thereafter. In all cases, concentrations of LH were
back to baseline by 4 hours after treatment (Figure 1). The concentration of LH induced
by GnRH increased with age. The mean LH (5.8 ng/mL vs. 1.8 ng/mLng/mL; p < 0.04)
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and the area under the induced surge (136.2 ng/mL vs. 42.1 ng/mL; p < 0.04) were
greater in 8-month-old than in 2-month-old heifer calves, respectively (Table 2 and
Figure 3).
Estradiol induced a surge of LH in all age groups and in 15 of the 17 heifers
(Table 1). The average peak of the induced LH surge was 20.6 ± 2.7 ng/mL and the
average duration was six hours (Figure 4). There were no significant differences in
mean LH or the area under the induced LH curve among ages (Table 3). However, the
time to onset of the induced surge was delayed in 2-month-old heifer calves when
compared to 8-, 6-, or 4-month-old heifer calves (18.0 ± 1.0 vs. 9.8 ± 0.9, 12.4 ± 0.8,
and 11.3 ± 1.0 hours, respectively; p < 0.001; Table 3 and Figure 5).
Treatment with estradiol led to multiple unsynchronized pulses of FSH that were
not associated with the induced LH surge (Figure 6). In the 2-month-old heifer calves,
there seemed to be a more frequent release of FSH that was synchronous with the LH
surge in response to the estradiol challenge.
Behavioral estrus was induced in three of the four 8-month-old heifer calves; it
occurred between 11 and 22 hours after estrogen administration. Mounting behavior
dislodged two catheters and blood sampling was continued via jugular venipuncture in
those calves.
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Table 1. Numbers of dairy heifers that responded to either a GnRH agonist or estradiol
benzoate challenge by releasing a surge of LH.

Treatment
GnRH
(100 µg; i.v.)

2 Months
3 of 3

4 Months
4 of 4

6 Months
5 of 5

8 Months
4 of 4

Total
16 of 16

Estradiol
Benzoate
(500 µg; i.m.)

3 of 4

3 of 4

5 of 5

4 of 4

15 of 17
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LH ng/mL
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8 months

15

6 months
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10

2 months

5

00
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30
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00
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30
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00
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30
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00
3:

30
2:

00
2:

30
1:

00
1:

30
0:

0

0

Time

Figure 1. Mean patterns of concentrations of LH in dairy heifer calves (2, 4, 6, or 8
months of age) challenged with a GnRH agonist (100 µg, i.v.).
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4
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4 months

2
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1:
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3:
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5:
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Figure 2. Mean patterns of concentrations of FSH release in dairy heifer calves (2, 4, 6,
or 8 months of age) challenged with a GnRH agonist (100 µg, i.v.).
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Table 2. Mean concentrations and the areas under the curve for LH and FSH in response to a GnRH challenge (100 µg,
i.v.) in dairy heifer calves of different ages.

Age
2 months
(n=4)
4 months
(n=4)
6 months
(n=5)
8 months
(n=4)

Mean LH
(ng/mL)

SE
(±
±)

LH Area*
(ng/mL)

SE
(±
±)

Mean FSH
(ng/mL)

SE
(±
±)

FSH Area *
(ng/mL)

SE
(±
±)

1.81 a

0.25

42.08 a

31.08

0.99

0.22

22.99

11.34

2.37 ab

0.29

52.87 ab

26.92

1.04

0.22

18.50

8.02

3.19 ab

0.12

73.26 ab

24.08

0.88

0.04

13.82

7.17

5.79 b

1.07

136.20 b

26.92

1.14

0.23

18.07

8.02

*Area refers to the area under the curve of the induced LH and FSH surges.
a–b

Different superscripts indicate significant differences within a column (P < 0.05).

31

180

*

160
LH ng/mL
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Age

Figure 3. Average area under the GnRH-induced curve of LH in 2-, 4-, 6-, or 8-monthold dairy heifer calves. * Indicates significance (p < 0.04) when compared to 2-monthold calves.
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15
13

LH ng/mL

11
8 months

9

6 months

7

4 months

5

2 months

3
1
30

27

24

21

18

15

12

9

6

3

0

-1
Time (hours)

Figure 4. Mean patterns of concentrations of LH in dairy heifer calves (2, 4, 6, or 8
months of age) challenged with estradiol (500 µg, i.m.).
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Table 3. Mean concentration of LH, area under the estradiol-induced curve of LH, time
to onset of the induced surge of LH, and mean concentration of FSH in response to an
estradiol challenge (500 µg, i.m.) in dairy heifer calves of different ages.

Age
2 months
(n=4)
4 months
(n=4)
6 months
(n=5)
8 months
(n=4)

SE
(±
±)

Mean FSH
(ng/mL)

SE
(±
±)

19.04

Onset of
LH surge
(hour)
18.00 a

0.22

1.11

0.49

46.03

19.04

11.33 bc

0.22

0.70

0.28

1.10

62.89

17.03

12.40 b

0.04

0.71

0.21

1.62

67.71

19.05

9.75 c

0.23

0.72

0.45

Mean LH
(ng/mL)

SE
(±
±)

LH Area*
(ng/mL)

SE
(±
±)

1.42

1.09

39.48

2.09

0.90

2.38
3.11

*Area refers to the area under the curve of the induced LH surge.
a–c

Different superscripts indicate significant differences within a column (P < 0.05).
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Time of onset (hours)
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Figure 5. Time to onset of the induced surge of LH in dairy heifer calves (2, 4, 6, or 8
months of age) when given an estradiol challenge (500 µg, i.m.). * Indicates
significance (p < 0.001) when compared to all other ages.
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Figure 6. Mean patterns of concentrations of FSH in dairy heifer calves (2, 4, 6, or 8
months of age) challenged with estradiol (500 µg, i.m.).
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STUDY 2

ESTRADIOL-INDUCED GONADOTROPIN SURGES IN PREPUBERTAL BEEF
HEIFER CALVES CONTINUOUSLY EXPOSED OR SEPARATED EVERY TWO
HOURS FROM THE DAM.

Abstract
Beef heifer calves are with their dams continuously until weaned, generally
between 5 to 8 months old. Previous research examined the ability of estradiol to
induce gonadotropin surges in prepubertal beef heifers. However, the fact that calves
were removed from their dams during those studies might have influenced their
responses. Therefore, this study examined whether short-term weaning differentially
affected the response of beef calves to an exogenous challenge with estrogen. Blood
samples (6 mL) were taken every two hours for 30 hours from thirty-six heifer calves,
ranging from 2 months to 5 months of age (2 months, n = 10; 3 months, n = 10; 4
months, n = 9; 5 months, n = 7) and sera were assayed for concentrations of LH, FSH,
and cortisol. Heifer calves were either kept with their dams continuously or separated
from the dams for every other 2-hour period between alternating blood samples. At
time 0, each calf was given 500 µg of estradiol in 1 mL corn oil. Estradiol induced
gonadotropin surges at all ages regardless of the weaning treatment of the calf. The
mean amount of LH and FSH released in response to estrogen decreased with age (p <
0.05). Mean LH and the area under the curve of the induced LH surge, but not FSH,
were decreased in calves that underwent short-term weaning when compared to calves
not weaned (p < 0.05). The time to onset of the induced LH surge after estradiol
administration decreased with age (p < 0.05). The development of the estrogen-
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induced gonadotropin surge mechanism of the hypothalamus was functional at an early
age and was not affected by short-term weaning.

Introduction
In Study 1, estradiol (500 µg, i.m.) induced a surge of LH in dairy heifer calves as
young as 2 months of age. Surges of LH were induced early in development in some
studies (Williams et al. 1975), while in other studies, an LH surge was not induced in
beef heifers by estradiol at 3 months of age (Staigmiller et al. 1979; Schillo et al. 1983).
Management practices differ in the dairy and beef industries. Possibly, the different LH
responses were due to different management of the heifer calves, such as weaning
age. The dairy calf is weaned within 1 to 2 days after birth, whereas the beef calf
generally is not weaned until 5 to 8 months after birth.
Follicular development occurs in the prepubertal heifer calf (Desjardins & Hafs
1969). Despite preovulatory-sized follicles being present on the ovary, ovulation was
not induced by an estrogen-induced LH surge in either ewe lambs (Foster et al. 1984)
or heifer calves (Schillo et al. 1983). However, ovulation can be induced in prepubertal
heifers with pulsatile administration of LH (Tortonese 1992). One possible explanation
for this failure to respond to a single LH surge is that the follicle has not been exposed
to sufficient FSH in order to prepare it for ovulation. FSH is critical not only for follicular
growth (Richards 1980; Findlay et al. 1987), but also for the acquisition of LH and FSH
receptors in follicular cells (Richards 1980). In study 1, neither estradiol (500 µg, i.m.)
nor GnRH (100 µg, i.v.) administration induced a surge of FSH in prepubertal dairy
calves. Therefore, this study was designed to test the ability of estradiol to induce an
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LH surge in prepubertal beef heifer calves and to examine the differences between LH
and FSH release in response to an estradiol challenge. Additionally, the calves were
either not weaned from the dams or were subjected to short-term weaning on multiple
occasions to determine if stress associated with separation from the dam would have a
negative effect on the ability to induce gonadotropin surges.

Materials and Methods
Animals
Thirty-six suckling crossbred beef heifers ranging from 2 to 5 months of age (2
months n = 10; 3 months n = 10; 4 months n = 9; 5 months n = 7) from two farms were
used in this study. Animals were treated within 5 days of the indicated age (based on a
30-day month). Animals were kept on pasture or housed in lots with partial roof cover
and were allowed ad libitum access to food and water.

Treatments and blood sampling
Within each age group, heifers were assigned at random to be either kept with
their dam continuously or to be removed temporarily. Heifers kept with their dams were
not restrained from suckling. In the group that was subjected to short-term separation,
calves were with the dam for 2 hours and separated from the dam for 2 hours on
alternating sampling cycles. Estradiol benzoate (500 µg in 1 mL of corn oil) was
administered intramuscularly to all heifers. Blood (6 mL) was sampled via jugular
venipuncture every two hours from hour 0 (prior to estrogen challenge) to hour 30.
Calves were restrained during sampling using a head gate and halter.
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Hormone assays
Concentrations of LH were measured in duplicate in 100 µL of serum by the
radio-immunoassay (RIA) method described by Butcher et al. (1974) and validated by
Fogwell et al. (1977). The limit of detection, expressed as ng of NIDDK-oLH-I-4 (AFPC5288113)/mL, was 0.2 ng/mL, with intra- and inter-assay coefficients of variation of
13.20 and 9.37%, respectively. The anti-serum used was derived for oLH. The
crossreactivities with oFSH, oGH, and bTSH were 5.0%, 0.5%, and 0.1%, respectively.
Concentrations of FSH were measured in duplicate in 200 µL of serum by the RIA
method described by Garcia-Winder et al. (1986). The limit of detection, expressed as
ng of NIDDK-bFSH-1 (AFP-5332B)/mL was 0.1 ng/mL, with intra- and inter-assay
coefficients of variation of 11.71 and 12.30%, respectively. The crossreactivities with
bLH and bTSH were 0.02% and 0.07%, respectively. NIDDK’s National Hormone and
Pituitary Program and Dr. A.F. Parlow generously donated the FSH and LH anti-sera,
iodination grade antigens, and the antigen.
Concentrations of cortisol were measured in duplicate using a Coat-A-Count
Cortisol kit (Diagnostic Products Corporation, Los Angeles, CA). The limit of detection
was 0.1 ng/mL. All samples were within a single assay with an intra-assay coefficient of
variance of 9.52%. The crossreactivities of aldosterone, corticosterone, and cortisone
were 0.03%, 0.94%, and 0.98%, respectively.
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Statistical analysis
Profiles of LH, FSH, and cortisol in serum were examined by analysis of variance
using the General Linear Model (GLM) procedure of the Statistical Analysis System
(SAS Institute 1985) for a randomized complete block design. Variables were analyzed
for effects of age, treatment, and the age x treatment interaction.
The variables measured were baseline gonadotropin concentration, mean
gonadotropin and cortisol, presence or absence of an induced gonadotropin surge, time
until the onset of the induced gonadotropin surge, area under the curve of the induced
gonadotropin surge, and number of gonadotropin surges. The baseline of LH was
estimated by using the mean of the values from hours 0 through 4. The baseline for
FSH was estimated using the mean of the three lowest points during the 30-hour
sampling period. In many cases, these means were derived from the samples for hours
0 through 4, however in some cases, FSH was elevated at hour 0 and then decreased
to a baseline. The mean values of LH, FSH, and cortisol represent the mean values for
all of the samples collected from 0 to 30 hours. Two criteria were used to define a
gonadotropin surge: 1) a rise of at least 3 standard deviations above the baseline and 2)
maintenance of the rise for a minimum of 4 hours. The area under the induced
gonadotropin curve was estimated by summing the values during the defined surge.

Results
All age and treatment groups responded to an estrogen challenge with a surge of
LH and FSH (Figures 7 and 8) and all animals treated responded with an LH surge.
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The induced LH surge had an average peak value of 18.78 ng/mL, compared to an
average baseline of 0.6 ng/mL, and lasted for an average of 9.3 hours. The induced
FSH surge had a consistent peak associated with that of the induced LH surge in 28 of
the 36 animals. However, in some cases FSH had additional surges that were not
synchronized with the LH surge. The average number of surges of FSH released in the
30-hour sampling period was 1.5, and the average peak value of the largest surge was
27.2 ng/mL, compared to an average baseline of 3.2 ng/mL.
The sum of LH and FSH released in the 30-hour time period in response to an
estrogen challenge decreased with age. The mean LH and FSH in 2-month-old heifers
was greater than the mean LH and FSH for 3-, 4-, and 5-month-old heifers (LH p <
0.004 and FSH p < 0.001; Figure 9). The area under the curve of the induced LH surge
also decreased with age (2 months was greater than 5 months; 48.14 ng/mL vs. 30.35
ng/mL; p < 0.04; Figure 10). Time to the onset of the induced LH surge decreased with
age. The time to onset was greater in 3- and 4-month-old heifers (18.2 and 17.1 hours,
respectively) than in 5-month-old heifers (13.8, p < 0.04; Figure 11,Table 4).
Short-term weaning caused a significant decrease in the mean LH release (p <
0.009; Table 4) and in the area under the curve (p < 0.02; Figure 12), but did not
prevent the occurrence of the LH surge. Cortisol, an indicator of stress, was measured
to determine if short-term weaning was responsible for the decrease in mean LH and
the area under the curve of the induced LH surge. Weaning did not have an effect on
cortisol (Table 4). However, there was a positive association between age and mean
concentrations of cortisol. Mean cortisol in 4- and 5-month-old heifers (241.2 and 272.9
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ng/mL, respectively) was significantly higher than in 2-month-old heifers (140.4 ng/mL, p
< 0.03; Figure 13, Table 4).
Behavioral estrus was induced in 12 of the 36 animals treated, and it occurred
between 10 and 25 hours after estrogen administration. There was not an age or
treatment effect on the ability to induce estrous behavior.

43

12

LH ng/mL

10
8

2 months
3 months

6

4 months
5 months

4
2
0
0

2

4

6

8 10 12 14 16 18 20 22 24 26 28 30
Hours

Figure 7. Mean patterns of concentrations of LH in beef heifer calves (2, 3, 4, or 5
months of age) challenged with estradiol (500 µg, i.m.).
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Figure 8. Mean patterns of concentrations of FSH in beef heifer calves (2, 3, 4, or 5
months of age) challenged with estradiol (500 µg, i.m.).
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Table 4. Time to the onset of the induced LH surge, the area under the curve of the induced LH surge, and the mean
concentrations of LH, FSH, and cortisol of prepubertal beef heifers challenged with a single dose of estrogen (500 µg;
i.m). Thirty-six heifers were challenged with estrogen at 2, 3, 4, or 5 months of age. Calves within age groups were
assigned randomly into two treatment groups: Group I was continuously with the dam and Group II was subjected to
short-term weaning for every other 2-hour period between blood samples.

Age
2 months
(n=10)
3 months
(n=10)
4 months
(n=9)
5 months
(n=7)

Mean LH
(ng/mL)

SE
(±
±)

LH Area*
(ng/mL)

SE
(±
±)

SE
(±
±)

Mean FSH
(ng/mL)

SE
(±
±)

Mean Cortisol
(ng/mL)

SE
(±
±)

2.63

Onset of
LH surge
(hour)
16.2 a,b

4.07 a

0.18

48.2 a

0.35

13.0 a

0.60

140.4 a

8.79

2.5 b

0.08

34.1 a,b

1.08

18.2 b

0.24

5.3 b,c

0.40

166.3 a,b

9.04

2.3 b

0.12

31.7 b

2.03

17.1 b

0.16

1.8 c

0.19

239.7 b,c

2.1 b

0.11

30.0 b

1.66

13.7 a

0.53

8.1 b

0.49

278.0 c

13.7
8
9.96

3.3 a

1.13

43.6 a

1.09

16.6

0.20

6.0

0.45

205.5

6.42

2.5 b

1.11

29.3 b

0.88

16.4

0.16

7.9

0.28

204.9

5.78

Treatment
With dam
(n=17)
Weaned
(n=19)

* LH Area refers to the area under the curve of the induced LH surge.
a–c

Different superscripts indicate significant differences within a column (p < 0.05).
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Figure 9. Sum of LH and FSH during the 30-hour sampling period in response to an
estradiol challenge (500 µg, i.m.) in 2-, 3-, 4-, or 5-month-old beef heifer calves.
a–c

Different superscripts indicate significant differences between ages (p < 0.05).
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Figure 10. Area under the curve of the induced surge of LH in response to an estradiol
challenge (500 µg, i.m.) in 2-, 3-, 4-, or 5-month-old beef heifer calves.
a–b

Different superscripts indicate significant differences between ages (p < 0.05).
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Figure 11. Time to onset of the induced LH surge in response to an estradiol challenge
(500 µg, i.m.) in 2-, 3-, 4-, or 5-month-old beef heifer calves.
a–b

Different superscripts indicate significant differences between ages (p < 0.05).
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Figure 12. Pattern of concentrations of LH release in response to an estradiol challenge
(500 µg, i.m.) in beef heifer calves subjected to short-term weaning or no weaning at all.
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Figure 13. Sum of cortisol during the 30-hour sampling period in response to an
estradiol challenge (500 µg, i.m.) in 2-, 3-, 4-, or 5-month-old beef heifer calves.
a–c

Different superscripts indicate significant differences between ages (p < 0.05).
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DISCUSSION
As early as 2-months of age, the anterior pituitary released LH in response to a
challenge of GnRH in this study. This is consistent with other data that have shown the
pituitary to be functional early in development (Desjardins & Hafs 1968). The pattern of
LH released as a result of GnRH challenge was consistent with that previously
observed (Williams et al. 1975). The previous experiments, however, did not report any
data regarding the release of FSH. FSH secretion in the present studies was minimally
affected by a GnRH challenge, which is consistent with previous studies in which FSH
was not released by repeated injections of GnRH (McLeod et al. 1985).
Estrogen induced a preovulatory-like surge of LH in all of the age groups treated.
As early as 2 months of age the hypothalamus was capable of responding to estrogen
and the basic endocrine mechanism by which estradiol elicits a release of LH was
developed. These data are in agreement with previous reports that the estrogeninduced LH surge mechanism is functional well in advance of puberty (Williams et al.
1975; Staigmiller et al. 1979; Schillo et al. 1983). However, in past experiments, an LH
surge could not be induced in 3-month-old heifer calves (Staigmiller et al. 1979) and
was seen in only 1 of 5 heifers that were between 3 and 4 months of age (Schillo et al.
1983). In contrast, the calves from this study were capable of responding with an
induced LH surge as young as 2 months of age. Possible causes for this discrepancy
between these studies may include differences in genetics, management, and handling
strategies between dairy and beef calves.
Although the 2-month-old dairy heifer calf was able to produce an estrogeninduced LH surge, the surge response was delayed approximately 6 hours when
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compared to the older heifers. It is suggested that although the basic endocrine
mechanism by which estradiol causes a release of LH is present, either a lack of
stimulatory signals or increased inhibitory signals in the hypothalamus at this time of
development delay the LH surge. Similarly, the estrogen-induced LH surge was
delayed in 3- and 4-month-old beef heifer calves when compared to 5-month-old calves,
but 2-month-old calves did not differ from any of the other groups.
In dairy heifer calves, FSH responded with a single or multiple non-synchronized
pulses to either treatment. This observation is consistent with similar studies conducted
in swine that showed a very late development in FSH responsiveness to estradiol
challenge (Fleming & Dailey 1985). The observed FSH pulses may have been induced
by the treatment or they may be the result of endogenous patterns of FSH release.
Pulsatile patterns of FSH release have been seen in prepubertal heifer calves of
comparable age (Gonzalez-Padilla et al. 1975; Dodson, et al. 1988). In contrast, beef
heifer calves responded to estradiol challenge with coinciding LH and FSH surges.
The hypothesis that beef calves would be subjected to more stress from the
short-term weaning during blood sampling and that this may have prevented induced
LH surges in the earlier work was tested. This, however, does not seem to be the case.
When the end-point of gonadotropin surges is examined or when mean cortisol levels
are compared between different weaning groups there was no effect due to weaning.
Short-term weaning did, however, lower the mean LH that was released in response to
the estrogen challenge. These results agree with data testing the effect of stress on
gonadotropin secretion in the sheep (Tilbrook et al. 1999a). In those studies, rams and
ewes were exposed to isolation/restraint stress and tonic release of LH was
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suppressed. Furthermore, ewes treated with estrogen had a further suppression of LH
compared to a control group.
The prepubertal heifer calf is capable of responding to challenges of GnRH or
estradiol by eliciting gonadotropin surges. This implies that the hypothalamus and
pituitary are able to respond to positive stimulation at a very early age, however, in this
case the onset of puberty does not occur despite the fact that the individual components
are capable of functioning. The difference between prepubertal and mature animals
does not lie in the ability to respond to various stimuli, but rather that the lack of
exposure to those stimuli in the specific pattern needed to stimulate the reproductive
system. In the ewe lamb, the ovary is capable of stimulation by pulsatile administration
of exogenous LH that ultimately ends in the generation of an LH surge and ovulation
(Keisler 1983). This implies that, even if the components of reproductive axis are all
working in a coordinated fashion, puberty is prevented by mechanisms that are
independent of development of the reproductive organs.
The tonic release of LH has been characterized on several occasions in the
heifer calf (Gonzalez-Padilla et al. 1975a; Dodson et al. 1988; Evans et al. 1994;
Nakada et al. 2000). The tonic pattern is generally characterized by an increase in
basal LH as puberty approaches. In these data, an increase in basal LH was not
detected when the baseline of LH was compared across different ages. When tonic LH
of a group of heifer calves were studied from 8 weeks until puberty, LH secretion was
lower in 8-, 12-, and 16-week-old heifer calves than in 20-week-old heifer calves when a
mean concentration of LH was examined from a monthly sample (Dodson et al. 1988).
However, weekly blood samples in the same group of heifers indicated that there was
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no difference in mean LH release. The more frequent sampling in these studies
indicates that mean tonic LH probably does not differ in the prepubertal calf. If a
change in gonadotropins does exist, it is more than likely an abrupt change that occurs
just prior to the onset of the first spontaneous gonadotropin surge.
In studies in which prepubertal heifer calves were challenged with estrogen,
there was an attempt to determine whether there was a correlation between occurrence
of an LH surge and basal LH concentrations. In one such study, the calves that did not
respond had a higher baseline concentration of LH (1.7 ng/mL vs. 0.2 ng/mL; Swanson
& McCarthy 1978). In the studies presented here, there was not obvious correlation
between the ability to induce an LH surge and basal LH concentration. Very few
animals did not respond to an estradiol challenge by eliciting an LH surge and there
were not enough experimental units to determine basal concentrations of gonadotropin
prior to the time of expected induced LH surge.
A delay of the estrogen-induced LH surge was seen in younger dairy heifer
calves was observed in these studies. The cause of this delay is unknown but the
frequently hypothesized theory is that the delay is due to increased inhibitory signals or
lack of stimulatory signals at the time of the estradiol challenge. However, this
hypothesis was not valid in these studies because the peak value or duration of the
induced surge was not different between ages. Estradiol did produce a negative
feedback of a greater duration in 4-month-old heifers compared to 8- and 12-month-old
heifers (Schillo et al. 1982). These observations support the “gonadostat” hypothesis
that a decrease in sensitivity to estrogen negative feedback is responsible for the onset
of puberty. In the previous experiment, “negative feedback” was estimated by the

55

duration of time between estradiol administration and a rise in LH secretion. The
termination of the negative feedback was characterized by a release of LH similar to
that in the studies presented here and the increased negative feedback was similar to
the delay to time of onset of the induced LH surge observed here.
In a study in which prepubertal heifer calves were challenged with different
dosages of estrogen, it was observed that larger dosages of estradiol led to an LH
surge that had a greater peak value and an increased duration (Williams et al. 1975). In
the estradiol-challenged heifer calves reported here, a single dose of estradiol (500 ug)
was used in each age group despite the weight of the calves being treated. In this
respect, younger calves would have received a larger dose of estradiol per pound of
body weight. However, the peak value or the duration of the induced LH surge was not
affected.
If the tonic and surge generating centers of the hypothalamus are viewed as
separate entities, the results from the experiments by Williams et al. (1975) and Schillo
et al. (1983) can be interpreted together. The tonic center of the brain is generally
characterized as being regulated by negative feedback from estrogen, whereas the
surge center is characterized as being positively simulated by estrogen. If the effect of
estrogen is independent, then the duration of negative feedback decreases with age as
proposed and the generation of the LH surge occurs when the negative effect of
estrogen has been lifted. The magnitude and duration of the LH surge are not
necessarily dependent on the amount of estrogen (Williams et al. 1975; Swanson &
McCarthy 1978). The only requirement for the induction of an LH surge is that a
threshold level must be reached.

56

In sheep, the estradiol-induced LH surge increased in magnitude with age when
giving a silastic implant to prepubertal lambs (3, 7, 12, 20, and 27 weeks of age). In
these studies, the 3-week-old lambs did not respond, but thereafter, the magnitude of
the induced LH surge was directly correlated to age (Foster & Karsch 1975). In Study
1, the LH response to GnRH did increase with age, but the response to estradiol was
not different between ages in dairy heifers. Furthermore, in Study 2, with beef heifer
calves, the opposite was true; the 2-month-old calves had a greater area under the
estradiol-induced LH curve. However, the 2-month-old calves also had a greater
baseline level of LH and the subtraction of the baseline from the area of the curve
eliminates the differences among ages. One explanation for these different results
between ewe lambs and heifer calves could be due to the different modes of estradiol
delivery. In the sheep study, estrogen was administered for a 96-hour period from a
silastic implant, whereas in these studies, estradiol was administered as a single
injection. Another explanation for the divergence could be that, in the heifer the
increased magnitude of the LH surge is not necessary and therefore the heifer does not
go though a developmental change that would allow surges of a larger magnitude to be
released.
FSH is a glycoprotein that is subjected to various amounts of post-translational
modification, which results in several different isoforms. FSH also has a relatively long
half-life of clearance compared to other members of the same family of proteins (UlloaAguirre et al. 1995). These two properties may be part of the reason that assessing its
secretory dynamics is difficult. The different isoforms are a result of varying
oligosaccharide structure, including the amount of terminal sialylation and sulfation.
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The various isoforms have different acidic-basic charge, which is the major basis for
separation. These structural differences alter the metabolic clearance rates and
biological (and immunological) potency relationships in rats (Ulloa-Aguirre et al. 1995)
and sheep (Moore et al. 2000). It has been shown in humans and rats that the charge
of the FSH protein differs dependent upon age, sex, and reproductive status.
Consequently, at different times, the gonads are exposed to different mixtures of FSH
isoforms; which the relative composition of that mixture is dependent upon the
physiological status of the animal. The different immunological potency mentioned
above suggests that the accuracy of the RIA may depend on the specificity of the
antibody to the particular FSH isoforms present, which is ultimately a factor of the
physiological status of the experimental animal. Another factor that complicates FSH
assays is crossreactivity. LH and FSH share a common α-subunit, which is secreted in
a pulsatile manner itself (Hall et al. 1990). It is unclear whether the episodic pattern of
FSH release is due to a true FSH response or a product of the α-subunit or
crossreactivity with LH. The different responses of FSH in the two studies presented
here may reflect different isoforms of FSH and different abilities of the antisera to
recognize FSH.
Initial studies of FSH isoforms in the transition of puberty used pituitary content
(Chappel & Ramaley 1983). These studies revealed that a shift in FSH isoforms
occurred during sexual maturation and resulted in less acidic isoforms of FSH, which
have greater biopotency but exhibit a faster clearance rate. A shift in FSH isoforms
during maturation implies that FSH represents a critical component of the maturation
process and that the different isoforms relay different signals to the maturing gonad. If
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this is true, the control of different FSH isoforms becomes a relevant signal that induces
sexual maturation. Many studies indicate that GnRH plays a key role in the regulation
of different FSH isoforms (Galle et al. 1983). Other studies have used GnRH
antagonists in prepubertal animals to determine if a difference in FSH isoforms exists
(Kessel et al. 1988; Mortola et al. 1989). However, the gonads were present in these
experiments, which made it difficult to determine if the effect was a direct result of the
GnRH antagonist or an indirect effect of sex steroids. Evidence that sex steroids
modulate FSH isoforms is rather convincing. In castrated peripubertal heifers, estrogen
had a minimal effect, however, in castrated prepubertal heifers, estrogen administration
increased more acidic FSH isoforms and decreased more basic FSH isoforms (Stumpf
et al. 1992), which is a similar reaction that is seen with the pubertal transition.
However, one study indicated that distribution of FSH isoforms in the pituitary did not
change with sexual maturation in heifers (Kojima et al. 1995). Estrogenic control of
FSH isoforms represents a physiological explanation for the gonadostat hypothesis. In
contrast to the idea of modulating inhibitory and stimulatory inputs to the hypothalamus,
FSH isoforms could be altered by estrogen secretion as sexual maturation nears.
The prepubertal increase in LH has been considered to be critical for the initiation
of puberty in both ewe lambs and heifers (Kinder et al. 1987). It has been shown that
pulsatile administration of low dosages of exogenous LH to prepubertal ewe lambs led
to enhanced follicular development increased peripheral concentration of estradiol,
induction of preovulatory surges of gonadotropins, ovulation, and formation of a corpus
luteum (Foster et al. 1984; Keisler et al. 1985). However, the use of single challenges
of LH, estradiol, or GnRH does not result in ovulation. The pulsatile administration of
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LH probably has a more complex role in “priming” the reproductive system. FSH
regulation, for example, may be a critical component to prepare the follicles for
ovulation. It has been observed in these studies, and also in the gilt (Fleming & Dailey
1985), that FSH regulation is not synchronized with LH regulation in the prepubertal
animal. The role of FSH in puberty has received minimal attention and has been
difficult to interpret due to the inherent problem of developing a reliable assay.
However, FSH is critical for follicular development (Richards 1980; Findlay et al. 1987)
and in the acquisition of LH and FSH receptors on the follicle (Richards 1980). The
suppression of FSH in the ewe decreased the steroidogenic capacity of the follicle
(Henderson et al. 1986) and abolished the ability of LH administration to induce
gonadotropin surges in immature lambs (Tortonese 1992). The traditional view is that
FSH is critical for follicular development early in the follicular phase, but some studies
indicate that FSH during the final stages of follicular development is necessary for
maturation of the preovulatory follicle as well (Henderson et al 1988).
These studies have shown that the gonadotropin surge mechanism is not a
limiting factor to the onset of puberty. In fact, the gonadotropin surge mechanism is
capable of stimulation by estradiol as early as 2 months of age. Estradiol induces LH
surges similar to the pre-ovulatory surge in mature animals, however FSH release is not
consistently released in response estradiol challenge. The potential role that FSH may
have in the onset of puberty remains to be an intriguing question.
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